INTRODUCTION
Multipotent neural stem or progenitor cells giving rise to new neurons have been identified in the adult mammalian central nervous system (CNS) (Altman, 1962; Eriksson et al., 1998; Doetsch et al., 1999) . Neurogenesis is also known to persist throughout life in the mammalian olfactory neuroepithelium (Calof et al., 1998) . Whether neurogenesis occurs in the neural-crest-derived organs of the adult mammalian peripheral nervous system (PNS) is, however, unknown. Identification of germinal centers in the adult PNS has biomedical interest and therapeutic potential, as PNS stem cells, more accessible than those in the CNS, could be used for tissue repair after injury or in neurological diseases.
Neurons and glia of the PNS derive from the neural crest (NC), a collection of progenitors originating from the dorsal side of the neural tube, which migrate at midgestation to form, among other structures, the sympathoadrenal system. Cells of the sympathoadrenal lineage give rise to the enteric nervous system (ENS), the autonomic ganglia, and several associated paraneural organs such as the adrenal medulla or the carotid body (CB) (Le Douarin, 1986; Jiang et al., 2000) . Postmigratory rat neural-crest-derived stem cells (NCSCs) persist into late gestation within peripheral nerves and the ENS (Morrison et al., 1999) . In culture, these NCSCs self-renew and form multipotent colonies containing neurons, glia, and smooth muscle . Multipotent neural-crest-derived progenitors have also been isolated from the postnatal rat gut or the heart region (Tomita et al., 2005) , although neurogenesis has not yet been demonstrated in any structure of the neural-crest-derived adult PNS.
A most enticing place to search for active adult mammalian PNS progenitors is the CB because, unlike most neural organs, it normally exhibits a remarkable level of structural plasticity. The CB is a paired organ located at the bifurcation of the carotid artery (see Figure 1A ). It is formed during fetal life by migration of sympathoadrenal progenitors from the superior cervical ganglion and is also composed of afferent sensory nerve fibers joining the glossopharyngeal nerve and a profuse network of blood vessels (for references, see Ló pez-Barneo et al., 2001; Kameda, 2005) . The CB parenchyma is organized in clusters (glomeruli) of glomus or type I cells that, similar to sympathetic neurons, are electrically excitable and contain dense-core vesicles with neurotransmitters secreted in response to membrane depolarization. Glomus cell clusters are enveloped by processes of glia-like, sustentacular type II cells, which are nonexcitable and classically believed to have a structural role. The CB is a principal component of the homeostatic acute O 2 sensing system, required to activate the brainstem respiratory center to produce hyperventilation during hypoxemia (for review, see Ló pez-Barneo et al., 2001) . The CB grows several-fold its normal size upon exposure to chronic hypoxia, as it occurs during acclimation to high altitude (AriasStella and Valcarcel, 1976; McGregor et al., 1984; Wang and Bisgard, 2002) or in patients with cardiopulmonary diseases presenting hypoxemia (Edwards et al., 1971; Heath et al., 1982) . The mechanisms underlying these classic adaptive responses are unknown. The CB has also aroused interest because of its possible applicability to antiparkinsonian cell therapy (Espejo et al., 1998; Arjona et al., 2003) , since glomus cells are highly dopaminergic and contain unusually large amounts of the glial cell (E) Time course of changes in cell number and volume of CB parenchyma in animals exposed to chronic hypoxia. (F) Reversibility of CB growth in animals returned to normoxia (21% O 2 ) for 1 month. A quantification of the number of TH+ and TH plus BrdU doublepositive cells in renormoxic CBs is compared to normoxic and hypoxic values (significantly different than normoxia, *p < 0.01; significantly different than hypoxia, # p < 0.05).
Data in (E) and (F) are represented as mean ± SD with n = 3-5 animals for each time point. Scale bars, 50 mm in (B) and (C) and 10 mm in (D).
line-derived neurotrophic factor (GDNF) (Villadiego et al., 2005) . In this study, we have discovered that CB growth in hypoxia, and the production of new neuron-like glomus cells, results from the activation of a resident population of neural-crest-derived progenitors. On returning to normoxia, the CB size is restored, and about half of the CB glomus cell mass is replaced by the newly formed cells, thus indicating a striking regenerative power unusual for an adult neural tissue. In vivo and in vitro analyses indicate that, similar to NCSCs, CB stem cells self-renew and are multipotent. We also provide compelling evidence suggesting that glia-like type II cells are the in vivo precursors of new glomus cells. Finally, we demonstrate that, quite remarkably, the newly formed glomus cells have the same complex neurochemical and electrophysiological properties as those in the in situ CB. These observations identify the mammalian CB as a neurogenic center with a recognizable physiological function in adult life. Figure 1B (left) illustrates the typical histological appearance of the mouse CB with clusters of tyrosine hydroxylase (TH)-positive glomus cells. Exposure of mice to a hypoxic atmosphere induced a marked CB enlargement ($2-to 3-fold) caused by dilation and multiplication of blood vessels as well as expansion of the parenchyma, with increased number of TH+ glomus cell clusters (Figure 1B, right) . To look for proliferation and formation of new glomus cells, mice were treated with BrdU and, subsequently, maintained several days in either normoxic or hypoxic environments. In animals kept in normoxia for up to 30 days, we did not observe any BrdU+, TH+ cells, thus indicating the absence of glomus cell proliferation (Figure 1C, left) . In contrast, after a few days in hypoxia, even before the CB growth became macroscopically obvious, we observed numerous BrdU+, TH+ cells (arrowheads in Figure 1C , right), suggesting the appearance of new glomus cells ( Figure 1D ). The time course of CB structural changes induced by hypoxia is shown in Figure 1E . Although BrdU incorporation into the CB tissue is observed from day 1 after hypoxia, the newly formed glomus cells (BrdU+, TH+) were only seen after day 5/6. CB hypertrophy was paralleled by a 1.7-fold increase in the number of TH+ glomus cells. When chronically hypoxic mice were reintroduced into a normoxic environment (renormoxia), recovery of the normal CB size was paralleled by a decrease in glomus cell number. In the renormoxic CB, $50% of the glomus cells were BrdU+ ( Figure 1F ). These data suggest the existence in the CB of precursors, whose proliferation in hypoxia precedes their differentiation to glomus cells. Moreover, during a hypoxia/reoxygenation cycle, about half of the glomus cells are replaced. The structural modifications induced by hypoxia were similar in young adult (4-6 weeks old; Figure 1E ) and aged (>8 months old; TH+ cells: 1554 ± 25, n = 4 in normoxia and 2470 ± 358, n = 3 in hypoxia) mice.
RESULTS

Hypoxia-Induced Carotid Body Growth and Generation of New Neural-Crest-Derived Glomus Cells
Identification of Self-Renewing and Multipotent Carotid Body Stem Cells
The precursors giving rise to glomus cells had a NC origin (see Figure S1 in the Supplemental Data available with this article online) and were identified in vitro by neurosphere assays. Rat (>P20) CBs were enzymatically dispersed and the cells plated in conditions that stimulated their clonogenic proliferation. Cell cultures were maintained under moderate hypoxia (3% O 2 ) (Morrison et al., 2000) , a condition that mimics the hypoxic stimulation of CB growth in vivo. In these experiments, 1.04% ± 0.4% (n = 6 preparations) of the plated CB cells gave rise to neurospheres ( Figure 2A ). After 10 days in culture, the diameter of the neurospheres was 85 ± 34 mm (n = 112), a value comparable to the one described for neurospheres formed by other neural progenitor populations (Molofsky et al., 2003) . The efficiency of neurosphere formation decreased to 0.17% ± 0.02% (n = 3 preparations) in old (>8 months) rats. In contrast with the typical spherical shape of neurospheres derived from CNS and other PNS areas (Doetsch et al., 1999; Molofsky et al., 2003) , most (>85% at day 10 in culture) of the CB-derived neurospheres had characteristically one or two large blebs budding out of the main core (arrowheads in Figure 2A ). Immunocytochemical analysis of thin-sectioned neurospheres revealed the presence of nestin (a typical neural stem cell marker) (Lendahl et al., 1990 )-positive cells within the main core, and clusters of differentiated TH+ and nestinÀ cells within the blebs attached through a hilus ( Figure 2B ). The TH+ blebs resembled in shape the glomeruli characteristic of the in situ CB. After several weeks in culture, these blebs grew to reach the size of an adult CB ( Figure 2C ). This morphological and immunological pattern was observed in 46 out of 52 neurospheres analyzed. In six cases, only the core with nestin+ cells was observed.
Although we routinely plated the cells at very low density (100 cells/cm 2 ) to minimize neurosphere fusion (Singec et al., 2006) , the clonal origin of neurospheres was confirmed by single-cell deposition experiments. After 10 days in culture, numerous wells that received one single cell had large neurospheres with blebs, indicating that each one of the neurospheres had resulted from the proliferation of one single CB stem cell ( Figure 2D ). The average diameter of these neurospheres was 81.6 ± 33 mm (n = 10), a value quite similar to the one observed in bulk culture experiments (see above). The efficiency of neurosphere formation estimated by single-cell deposition (11.6% ± 1.5%; n = 4 experiments), more accurate than the estimate obtained in bulk cultures, suggests that there are around 200-300 stem cells in a normal young adult rat CB.
The self-renewal capacity of the CB progenitors was assayed by dissociating primary neurospheres. The number of secondary neurospheres (7 ± 2 per primary neurosphere, n = 10) was lower than the values obtained with other neural progenitor populations (Molofsky et al., 2003) . However, the difficulties encountered in the mechanical dissociation of the CB neurospheres suggest that cells might have been damaged by the dispersion procedure and thus their growth retarded in the secondary cultures. The shape and cell content of secondary neurospheres were similar to those of primary neurospheres.
Differentiation assays performed on adherent substrate showed that, besides the TH+ neuron-like glomus cells, the CB progenitors are also able to differentiate into migrating smooth muscle actin (SMA)-positive cells, a typical neural-crest-derived cell type in culture (Figures 2E and 2F) . TH+ and SMA+ cells were seen in 44 out of 50 neurospheres (obtained from three different rat CB cultures). In six cases, only SMA+ cells were observed. Therefore, CB progenitors behave similar to other NCSCs , being able to produce clonal colonies, to self-renew, and to differentiate into multiple cell types.
Glia-like Sustentacular Cells Are the Stem Cells in the Adult Carotid Body
To test whether proliferating glomus cells are those giving rise to CB neurospheres, we performed immunocytochemical analyses at different periods of neurosphere formation ( Figure 3A) . Initially, the neurosphere had a small size and was formed by a group of THÀ, nestin+, and nestinÀ cells. This stage was soon followed by the appearance of a small ''germinal'' bud with a few TH+ cells on the periphery of the growing neurosphere. The number of TH+ cells increased progressively until they formed the characteristic clusters of glomus cells described above. In fair agreement with the in vivo experiments (see Figure 1E ), this developmental sequence suggested that after cell dissociation and plating, CB progenitors proliferate and self-renew to form the neurosphere core, which precedes differentiation of precursors into TH+ glomus cells.
Cell separation by flow cytometry also suggested that TH+ cells do not initiate the neurosphere formation because cells highly expressing HNK-1 (Young et al., 1998) did not significantly produce neurospheres (gate 1 in Figure 3B ). As shown in Figure 3C , cells in the HNK-1 enriched population were all TH+ glomus cells. On the other hand, separation of a cell fraction highly expressing p75, a marker of gut and sciatic nerve NCSCs (Morrison et al., 1999) (gate 2 in Figure 3B ), did not increase the production of neurospheres. A quantitative summary of the data obtained from three independent cell separation experiments is given on Figure 3D . Several other stem cell markers tested (c-ret, CD133, a4 integrin, and SSEA-1) have also failed to enrich by flow cytometry the population of CB progenitors (data not shown).
A hint on the nature of CB stem cells came from in vivo experiments showing that the GFAP staining of sustentacular type II cells progressively vanished upon exposure to hypoxia, as the number of proliferating BrdU+ cells increased, and prior to the generation of new TH+ cells. GFAP+ cells reappeared once the animals returned to a normoxic atmosphere and the CB resumed its original size ( Figure 4A ). Hence, these data suggested that glialike type II cells might be the CB progenitors. This idea was directly supported by in vivo cell fate mapping experiments using a GFAP-Cre/floxed LacZ transgenic mouse ( Figure 4B ). Although in this animal model many glial cells and neurons in the brain appear X-gal+ (Malatesta et al., 2003 and our unpublished data) , the efficiency of the GFAP-driven construction is much lower in the normoxic CB, as we have never seen X-gal+ cells within the organ in four animals studied. To activate the transgenic GFAP promoter, we subjected the animals to a hypoxia/ renormoxia cycle that, as shown above, causes disappearance and reappearance of GFAP expression in sustentacular cells. This treatment resulted in the appearance of GFAP+, X-gal+ cells (see Figure 6F below ). In these animals, a second exposure to hypoxia produced CB growth and the selective presence of X-gal deposits in the newly formed (BrdU+ and TH+) glomus cells ( Figures 4C-4E) , thus indicating that they derived from GFAP+ progenitors. Localization of the X-gal deposits on BrdU+, TH+ cells was confirmed in single dispersed cells (data not shown).
To demonstrate that labeled GFAP+ cells generate selfrenewing multipotent neurospheres, we prepared clonal cultures of cells dispersed from CBs of GFAP-Cre/floxed LacZ transgenic mice. After a few days in culture, small colonies of X-gal-positive cells were formed, and as these neurospheres grew, they exhibited the characteristic buds of differentiating TH+ and X-gal+ cells ( Figures 5A and 5B ). As shown above for the rat CB-derived neurospheres (see Figures 2E and 2F ), when the mice neurospheres were allowed to grow on adherent substrate, the progenitors migrated, and besides a central group of TH+ cells, they differentiated to SMA+, Xgal+ smooth muscle cells ( Figures 5C  and 5D ). These in vitro experiments indicate that single GFAP+ cells can generate clonal multipotent neurospheres.
Prospective isolation of GFAP+ CB stem cells was achieved by preparing freshly dispersed rat CB cells transfected with an enhanced version of GFP expressed under the control of the GFAP promoter (pGFAP-EGFP Figure 5E ), was separated by flow cytometry (R1 in Figure 5F ). Most of the sorted GFP+ cells were GFAP+ (75%, Figure 5G ) and, as shown in the quantitative summary of Figure 5H , highly efficient to induce the formation of multipotent neurospheres in clonal cultures. In contrast, the ability to generate neurospheres of the GFPÀ cell population (with only 7% of GFAP+ cells) was drastically reduced (R2, Figures  5F-5H) . Therefore, enrichment of the GFAP+ CB cell population increases 30-fold the efficiency of neurosphere formation. Taken together, the experiments described in this section strongly suggest that GFAP+ type II cells are the stem/progenitor cells in the adult CB.
Changes in the Carotid Body Progenitor Population during Exposure to Hypoxia/Renormoxia The cell composition of CBs was quantitatively analyzed during exposure to hypoxia/renormoxia. In normoxic CBs, we observed numerous GFAP+ cells that, when they appeared inside a glomerulus, maintained the typical multipolar shape, with the long processes characteristic of type II cells ( Figure 6A ). Besides GFAP+ cells ($10.5% of n = 879 cells) the normoxic CBs contained also a small population of GFAP-dim cells (that were also nestin+) ($2.7%) and nestin+, GFAPÀ cells ($3%) ( Figure 6D ). Upon exposure to hypoxia, the number of GFAP+ cells drastically decreased (0.4% of n = 1004 cells at 6 days and 0.2% of n = 874 cells at 16 days) in parallel with a marked increase in the number of nestin+ cells (15.4% and 19.4% at 6 and 16 days, respectively) ( Figures 6B  and 6D) . The small population of GFAP-dim, nestin+ cells (yellowish stained in Figure 6B ) also slightly increased during hypoxia. After 18 days in renormoxia, the recovery of CB size was accompanied by a marked increase of GFAP+ cell number (5.8% of n = 928 cells) and a decrease of the nestin+ cell population (3.4%) (Figures 6C and 6D) .
Normoxic animals treated with BrdU did not have TH+, BrdU+ cells (see Figure 1C ), but they showed a few ($5%) proliferating GFAP+ or nestin+ cells. To analyze the sequential activation during hypoxia of the various cell types in the CB, we sacrificed animals at different times after onset of hypoxia. These animals received BrdU for 48 hr before sacrifice, so we identify as BrdU+ the cells actively proliferating at each time along the hypoxia protocol. The data summarized in Figure 6E show that the predominant proliferating cells during the first 48-72 hr in hypoxia are GFAP+. As the hypoxia protocol progresses, GFAP+ cells almost disappear in parallel with the increase of proliferating nestin+ cells. After 1 week in hypoxia BrdU+, TH+ cells begin to appear. In CBs from GFAP-Cre/floxed LacZ transgenic mice (see Figures 4B-4E , above) sacrificed during the first 6 days after exposure to hypoxia, we detected X-gal+, GFAP+ cells as well as proliferating X-gal+, BrdU+ GFAP+, or nestin + cells ( Figures 6F-6H) , thus confirming the common lineage of the various cell types in the hypoxic CB. These results are compatible with the model shown on Figures 6I and 6J , where schematically depicted is a CB glomerulus with several glomus cells partially ensheathed by a type II cell, in close contact with afferent nerve fibers and capillaries. GFAP+ type II cells are viewed as quiescent (or slowly dividing) CB stem cells that can be reversibly converted to nestin+ intermediate progenitors, as suggested by the existence of GFAP-dim, nestin+ cells and the recovery of the GFAP+/nestin+ cell ratio in renormoxia. Upon exposure to hypoxia, the equilibrium is displaced toward the nestin+ population, giving rise to TH+ glomus cells (see the Discussion).
Glomus Cells Generated In Vitro Have Normal Chemoreceptive, Electrophysiological, and Neurochemical Properties Glomus cells obtained from neurospheres exhibited the same complex functional phenotype typical of in situ CB cells. Remarkably, in vitro-derived cells strongly responded to hypoxia and hypoglucemia with a secretory activity quantitatively similar to that evoked by the same stimuli in freshly sliced CB ( Figures 7A-7C) . Similarly, the newly formed glomus cells had inward (Ca 2+ ) and outward (K + ) currents with the amplitude, time course, and voltagedependence characteristic of cells in rat CB slices or after enzymatic dispersion (Figures 7D-7F) . Notably, these electrophysiological properties are essential for the regulation of transmitter release in the chemoreceptor glomus cells (Pardal et al., 2000; Pardal and Ló pez-Barneo, 2002) . Altogether, these data indicate that TH+ cells derived in vitro from CB progenitors exhibit the characteristic functional properties of mature glomus cells.
Besides being highly dopaminergic, CB glomus cells also produce large amounts of GDNF, a neurotrophic factor that promotes survival of dopaminergic neurons . Using the GDNF/LacZ knockout mouse, we have shown the activation of the GDNF promoter in in vivo newly formed TH+ cells ( Figure S2 , Figure 7G) . Additionally, we have tested that rat CB-derived neurospheres do indeed express GDNF ( Figure 7F ).
DISCUSSION
The CB Is a Stem Cell Niche with Functionally Relevant Neurogenesis in the Adult PNS Neural stem cells can be isolated from several parts of the CNS and PNS, but where and when these cells are actually present in vivo, how do they are regulated, and which is their precise physiologic role are far-reaching but poorly understood questions (for a detailed review, see Joseph and Morrison, 2005) . Neurogenesis has not been demonstrated so far in the neural-crest-derived organs of the adult PNS, but there is compelling evidence that constitutive neurogenesis occurs in the olfactory neuroepithelium (Calof et al., 1998) and at least in two sites of the adult mammalian forebrain: the subventricular zone (SVZ) of the lateral ventricles and the subgranular cell layer (SGL) of the hippocampal dentate gyrus (Altman, 1969; Eriksson et al., 1998) . GFAP-expressing progenitors, with the characteristic morphological appearance of astrocytes, are the principal source of new neuroblasts both in the SVZ and SGL (Doetsch et al., 1999; Seri et al., 2001; Garcia et al., 2004) .
Unlike the SVZ and SGL, the CB germinal center does not seem to be permanently active but is turned on in the context of the homeostatic adaptive response to chronic hypoxia. However, the CB recapitulates many of the features of the SVZ and SGL niches. In fact, the model that is suggested to explain hypoxia-induced adult CB growth (see Figure 6J ) is inspired on the models proposed for adult CNS neurogenesis (Alvarez-Buylla et al., 2001; Doetsch, 2003) . At the normal arterial blood O 2 tension, the two major cell classes in the CB are mature glomus cells (TH+) and sustentacular type II cells (GFAP+, nestinÀ). We have found a new cell type (GFAPdim/À, nestin+) denoted as an intermediate progenitor. In the normoxic CB, we have not detected BrdU+ glomus cells, but there are a few GFAP+ and/or nestin+ cells that incorporate BrdU, thus indicating some resting mitotic activity of these cells. Upon exposure to hypoxia, activation of both GFAP+ and nestin+ cell proliferation is paralleled by a rapid conversion of type II cells into intermediate progenitors, which give rise to mature TH+ glomus cells. On return to normoxia, proliferation and differentiation of the intermediate progenitors cease, and most of them acquire the GFAP+ sustentacular cell phenotype. The glial lineage of CB progenitors is also directly suggested by the cell fate mapping experiments, which demonstrate that the newly formed nestin+ intermediate precursors and glomus cells derive from GFAP+ cells. The formation of clonal X-gal+ neurospheres derived from single GFAP+, X-gal+ cells demonstrates that CB type II cells can differentiate into TH+ glomus cells or SMA+ smooth muscle. Finally, the prospective isolation of GFAP+ cells with the ability to generate multipotent neurospheres provides strong additional support to the concept that type II cells are the adult CB stem cells. Hence, it seems that type II cells are not truly supportive glia but latent postmigratory progenitors ready to be stimulated in hypoxia to produce new glomus cells. Whether CB stem cells can also give rise to smooth muscle in vivo (as seen in vitro) is a quite attractive possibility that should be tested in future experiments.
The histological studies performed on the CB have classically stressed the intimate relationship existing between cells in the glomeruli and small blood vessels. This structural organization, which facilitates the detection of changes in arterial O 2 tension, may also be critical for crosstalk between the vascular tissue and the CB progenitor cells during hypoxemia. This hypothesis fits quite well with data showing that vascular endothelial growth factor (VEGF) and endothelin-1 (ET-1), classical vascular genes upregulated by hypoxia (see Ló pez-Barneo et al., 2001) , are potent inductors of CB mitosis and angiogenesis (Paciga et al., 1999; Dinger et al., 2003) . CB mitogenesis is also activated by bFGF and other growth factors induced by hypoxia in glomus cells (Nurse and Vollmer, 1997; Paciga and Nurse, 2001 ). Although we cannot discard the possibility that in newborn animals TH+ cells retain some mitogenic potential, our data strongly suggest that adult BrdU+, TH+ cells derive from CB stem cells. Thus, it seems quite plausible that, as it has been proposed for the CNS germinal centers (Palmer et al., 2000; Cao et al., 2004) , the CB constitutes a vascular niche for adult neurogenesis where autocrine and paracrine interactions during hypoxia trigger stem cell activation and differentiation.
Properties of CB Stem Cells In Vitro
A population of dispersed CB cells behave as stem cells in culture. They self-renew, proliferate, and form clonogenic colonies, giving rise to mature and physiologically competent glomus cells as well as smooth muscle. Formation of colonies was strongly activated by hypoxia. Thus, in many aspects the development of CB neurospheres resembles the structural changes observed in the hypoxic CB in vivo. Although GFAP+ cells can be seen in primary CB cultures (Villadiego et al., 2005) , this cell type was not observed in the growing CB neurospheres, probably because, as it occurs in vivo, the latent GFAP+ progenitors are rapidly converted to proliferating GFAPÀ cells. CB neurospheres contain numerous nestin+ cells localized mostly in the periphery of the neurosphere core from where the growing buds of differentiated glomus cells emerged. Thus, it is highly likely that these nestin+ cells are equivalent to the nestin+ intermediate progenitors described in vivo.
The properties of CB progenitors in vitro resemble in many aspects those of NCSCs identified in other areas of the PNS (Morrison et al., 1999; Kruger et al., 2002) . CB neurospheres have, however, some special characteristics, thus suggesting that postmigratory neural-crest-derived progenitors may acquire distinct regional specifications (Malatesta et al., 2003) . For instance, the clusters of differentiated TH+ glomus cells typical of CB neurospheres are not seen in neurospheres formed by other PNS progenitors. The efficiency of gut NC progenitors to form neurospheres decreases with age , and a same trend was observed for CB stem cells. Nonetheless, we did not see differences in TH+ cell number and hypoxic growth in CBs from young and old animals.
Significance for Tumorigenesis
The discovery of CB stem cells raises the question of their possible role in the pathophysiology of CB chemodectomas, a tumor subtype belonging to the relatively frequent paragangliomas affecting the autonomous nervous system. The incidence of CB paragangliomas increases in high-altitude residents (Astrom et al., 2003) , and the tumors have histological features characteristic of the CB in individuals with chronic hypoxemia (Arias-Stella and Valcarcel, 1976; Heath et al., 1982) . Thus, it is possible that disruption of CB stem cell homeostasis leads to tumor transformation. Chemodectomas are most frequently benign and have low incidence of mitosis, with an immunocytochemical profile characterized by numerous neuron-like (TH+ and enolase+) glomus type I cells and GFAP+ sustentacular type II cells. Abundance of type II cells could offer good prognosis of paragangliomas, since GFAP immunoreactivity is inversely correlated with the grade of malignancy (Kliewer et al., 1989; Achilles et al., 1991) . In addition, GFAP+ cells are absent in the rare cases of CB tumors with metastasis to cervical lymph nodes (Robertson and Cooney, 1980) . Hence, a plausible hypothesis is that conversion of GFAP+ latent stem cells to aberrant GFAPÀ proliferating progenitors could give rise to cancer stem cells leading to CB tumorigenesis.
Applicability to Cell Therapy for Parkinson's Disease
Because of their dopaminergic nature, CB cells have been used for transplantation studies in Parkinson's disease (PD). Intrastriatal transplantation of CB cells yields good histological and functional recovery in rodent (Espejo et al., 1998; Toledo-Aral et al., 2003) and monkey (Luquin et al., 1999 ) models of PD. On the other hand, glomus cells contain unusually large amounts of GDNF (Villadiego et al., 2005) , and intrastriatal delivery of this trophic factor is believed to be effective for antiparkinsonian therapy because it promotes dopaminergic neuron survival and sprouting of the nigrostriatal pathway (for references, see Kirik et al., 2004) .
Autotransplantation of CB cell aggregates ameliorates the symptoms in PD patients (Arjona et al., 2003) , but a major limiting factor of this therapy is the histological integrity of the CB at advanced age and the scarce amount of tissue available for transplantation. The identification of CB stem cells offers a new tool with potential clinical applicability. We have shown that in long-term (>3 weeks) cultures glomus cell clusters in a single neurosphere can reach the size of a whole CB. The newly produced glomus cells are highly catecholaminergic, synthesize GDNF, and have normal chemoreceptive and electrophysiological properties. So, determining the efficacy and safety of intrastriatally transplanted CB neurospheres in parkinsonian animal models and investigating the existence of adult human CB progenitors and their ability to proliferate and differentiate in vitro are promising scientific objectives that should be addressed in future experimental work.
EXPERIMENTAL PROCEDURES Animals
Transgenic mice, wild-type C57Bl/6 mice, and Wistar rats were housed and treated according to the animal care guidelines of the European Communities Council (86/609/EEC). All procedures were approved by the Committee on Animal Research at the University of Seville.
In Vivo Hypoxic Treatments and BrdU Administration Mice (2-3 months old) were chronically exposed to a 10% O 2 environment by using a specially designed hermetic chamber with O 2 and CO 2 controls and temperature and humidity monitoring (Coy Laboratory Products, Inc., Grass Lake, MI). To test for CB cell proliferation, mice were injected intraperitoneally with 50 mg/kg of BrdU (Sigma) every 7 days during the chronic experiments and supplemented with 1 mg/ ml BrdU in their drinking water. Following the normoxic/hypoxic treatments, animals were anaesthetized with chloral hydrate, intracardially perfused with 4% paraformaldehyde (PFA; Sigma), and the carotid bifurcations dissected and postfixed in PFA for 2 hr. After overnight cryoprotection in 30% sucrose solution (Sigma), the bifurcations were embedded in OCT compound (Sakura Finetek, Torrance, CA) and snap frozen by quenching in liquid nitrogen. Sections (10 mm) of the CB were cut on a Leica cryostat.
Histo-and Cytochemical Studies
For detection of BrdU, TH, nestin, GFAP, and the expression of b-galactosidase in tissue sections, neurospheres, and/or dispersed cells, we used standard staining procedures previously published (Villadiego et al., 2005; Molofsky et al., 2003) . Specific details are given in the Supplemental Data. For cell counting, a stereological method was used, with systematic random sampling based on a C.A.S.T. Grid System (Olympus, Albertslund, Denmark) (Mejias et al., 2006) .
Dissociation and Transfection of Carotid Body Cells
Rat and mouse CBs were dissociated by enzymatic treatment following procedures previously described in our laboratory (see the Supplemental Data). Dissociated rat CB cells were plated on an ultralow binding well and transfected with lipofectamine following the kit vendor instructions (Invitrogen, Carlsbad, CA; kit reference 11668-027). For the transfection, 3-5 mg of the pGFAP-EGFP plasmid was used. After 48 hr, the cells were resuspended and sorted by flow cytometry.
Neurosphere Assays
Dispersed CB cells were typically cultured in ultralow binding 6-well plates (Corning Inc., Corning, NY) at clonal density (100 cells/cm 2 ) so that individual neurospheres were spatially apart from each other. Ultralow binding 96-well plates (Corning) were used for the clonal experiments. The culture medium contained D-MEM:F-12 (GIBCO BRL, Grand Island, NY) with 15% chick embryo extract (prepared as described in Stemple and Anderson, 1992) , 1% N2 supplement (GIBCO), 2% B27 supplement (GIBCO), 1% penicillin/streptomycin (Cambrex, Verviers, Belgium), 20 ng/ml recombinant human bFGF (R&D Systems, Minneapolis, MN), 20 ng/ml recombinant human IGF-1 (R&D Systems), and 20 ng/ml recombinant human EGF (R&D Systems). This medium composition is described as NC medium. All cultures were maintained in O 2 and CO 2 -controlled incubators (Thermo Electron Corp., Waltham, MA) at 3% O 2 and 37 C. To assay the selfrenewal properties of CB progenitors, individual neurospheres were replated onto poly-L-lysine-treated wells with NC medium. After 48 hr of incubation, the flat neurosphere colonies were detached with trypsin and the cells mechanically dispersed and cultured back into ultralow binding plates with NC medium. Secondary neurospheres were counted after 10 days in culture.
Reverse Transcriptase-Polymerase Chain Reaction Poly(A) RNA was extracted from intact carotid bodies using the Dynabeads mRNA Direct Micro kit (Dynal, Oslo, Norway) following the manufacturer's instructions. For the extraction, 8-10 CBs or the equivalent amount of tissue from a CB neurosphere culture or the superior cervical ganglion (SCG) was used. The methodology used to amplify GDNF mRNA is detailed in the Supplemental Data.
Flow Cytometry
All sorts and analyses were performed in a MoFlo three-laser flow cytometer (DAKO Cytomation, Fort Collins, CO). The dispersed CB cells were resuspended in staining solution and incubated with the different antibodies for 20 min each at 4 C. The staining solution contained (for 50 ml): 44 ml L15 medium (GIBCO), 0.5 ml penicillin/streptomycin (Cambrex), 0.5 ml 1 M HEPES buffer (GIBCO), 0.1 g BSA (Sigma), and 5 ml distilled and deionized water. The antibodies used for flow cytometry were the following: rabbit anti-mouse p75 (1:2000, Chemicon International) followed by fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit secondary (1:200, Jackson Immunoresearch), and mouse anti-HNK-1 (1:600, PharMingen/BD Biosciences, San Jose, CA) followed by phycoerythrin (PE)-conjugated goat anti-mouse secondary (1:200, Jackson Immunoresearch). After washing off unbound antibodies, cells were resuspended in staining medium containing 2 mg/ml 7-AAD (Molecular Probes). Dead cells were eliminated from sorts and analyses as 7-AAD+. GFP-transfected cells were resuspended in staining medium plus 7-AAD with no antibody staining, and the GFP fluorescence was detected using the same settings as for fluorescein.
Electrophysiological Techniques
The methodologies used to measure catecholamine secretion from cells in CB neurospheres in response to hypoxia or hypoglycemia are similar to those described in Pardal and Ló pez-Barneo (2002) . Macroscopic currents were recorded from glomus cells in the neurosphere buds using the whole-cell configuration of the patch clamp technique as adapted to our laboratory (Ló pez- Barneo et al., 1988) . Specific details of these techniques are provided in the Supplemental Data.
Statistical Analysis
Data are given as mean ± standard deviation, with the number of experiments between parentheses. Statistical significance was estimated by paired Student's t tests. 
